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States.

Abstract. We analyzed nutrient data from a probability survey of 1392 wadeable streams across the 48
conterminous states of the US and from intensified survey data in 921 streams in the Pacific Northwest
(PNW) to examine different methods of setting nutrient criteria and to develop a nutrient stream typology.
We calculated potential nutrient criteria for total P (TP) and total N (TN) by 3 methods (ecoregion
population 25 percentile of population, least-disturbed reference-site 75" percentile, and disturbance
modeling) and compared them with existing draft US- Environmental Protection Agency (EPA) criteria
within 14 national nutrient ecoregions. All criteria derived from the methods were highly correlated;
however, absolute values within ecoregions differed greatly among approaches. Population 25" percentiles
of TP were almost always lower from statistically designed survey data than from found data. TN
percentiles were more similar than were TP profiles, but they still tended to be lower from survey data than
from found data. TP and TN population 25' percentiles were lower (often by a factor of 2-6) than reference-
site 75'" percentiles in all ecoregions. This result indicates that population 25" percentiles cannot be used as
surrogates for reference-site 75" percentiles. Thirty-nine percent of the assessed national stream length
exceeded TP criteria and 47% exceeded TN criteria when compared to nutrient criteria based on EPA
-Wadeable Stream Assessment reference-site 75'" percentiles. In the PNW data set, al} disturbance regression
model estimates of background nutrient concentrations were lower than reference-site 75" percentiles.
Regression tree analysis based on PNW reference sites used runoff, elevation, acid neutralizing capacity,
forest composition, substrate size, and Omernik level IIT ecoregion as environmental class predictors to
explain 46 to 48% of the total deviance in nutrient concentration. Reference-site nutrient concentrations
varied widely among Omernik level III ecoregions in nutrient ecoregion II. Our analysis and the literature
strongly suggest that 14 national nutrient ecoregions are too coarse to account for natural variation in stream
nutrient concentrations. Setting appropriate national nutrient criteria will require finer-scale typology or
classification of sites that better controls for natural variation. -
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According to a 1996 report made by the US
Environmental Protection Agency (EPA) to Congress,
a large percentage of water bodies in the US have
impaired water quality from excess nutrients (USEPA
1996). Excess nutrients alter aquatic trophic state and
cause detrimental effects, such as noxious algal
blooms, fish kills, and reduced water Clarity.' The
relationship between nutrients and trophic state is
direct in lakes because lakes are autotrophic, but this
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relationship is less direct in streams, which often are
heterotrophic (Dodds 2007). Thus, understanding
eutrophication and establishing nutrient criteria are
irriportant issues in streams.

The EPA has devised a strategy to develop regional
nutrient criteria (USEPA 1998). Implicit in the strategy
is recognition that excess nutrients are a major cause of
water-quality impairment in the USA. The strategy

-also acknowledges that a single national nutrient

criterion for all types of water bodies is inappropriate
because of diverse geology, climate, and geomorphol-
ogy. A series of technical guidance manuals released




2008] NUTRIENT CRITERIA IN THE US 933

e

Fic. 1. National nutrient ecoregions aggregated from 84 Omernik level III ecoregions on the basis of geology, land use,
ecosystem type, and nutrient conditions. Roman numerals refer to nutrient ecoregions, numbers indicate Omernik level 11I

ecoregions within nutrient ecoregions.

by the EPA (USEPA 2000a) presented different
approaches for developing nutrient criteria for differ-

ent water bodies. For streams, approaches included

use of reference reaches, downstream uses, best
professional judgment, historical data, and predictive
modeling.

The reference-reach approach is predicated on the
idea that nutrient concentrations comparable with
those in undisturbed streams would be protective of
the designated uses of a stream or river. Thus,
appropriate nutrient criteria can be estimated from
conditions observed at relatively undisturbed refer-

ence sites. The objective of our paper is to examine

potential reference-reach-based nutrient criteria for
wadeable streams in the 48 conterminous states.

EPA conducted an analysis of historical found data
for each of 14 national nutrient ecoregions (derived by
aggregating 84 Omernik level III ecoregions [Omernik
1987] as described in Rohm et al. 2002; Fig. 1) and
drafted preliminary nutrient criteria based on the 25
percentile of this found data (e.g., USEPA 2000b).
However, analyzing data at national or even regional

scales is difficult. Often data from multiple surveys
done by many different groups must be combined, and
doing so can be problematic because of differing

| protocols, study areas, database formats, survey

objectives, data access, and site representativeness.

Between 2000 and 2004, EPA conducted the Wade-
able Streams Assessment (WSA) using a probability
sample of the wadeable streams in the 48 contermi-
nous states. Use of WSA data for estimating nutrient
criteria alleviates most of the problems with combining
data because the data are recent (post-2000), collected
with the same field protocol, and stored in similar data
formats. Furthermore, the sample sites were picked in
a systematic randomized manner so they are repre-
sentative of the study area. Thus, the WSA data
provide a unique opportunity to study stream classi-
fication and nutrient criteria at the national scale.

We used WSA data to quantify percentiles of
nutrient distributions in all sites and in least-disturbed
(reference) sites to estimate nutrient criteria for each
nutrient ecoregion. Reference condition for streams is
difficult to define because few data exist to tell us what
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Fic. 2. Omernik level III ecoregions in the Pacific Northwest (PNW) and locations of PNW sampling sites.

undisturbed sites really looked like. In an ideal world,
nutrient criteria would be based on observed nutrient
concentrations in undisturbed systems. However,
undisturbed systems do not exist anymore, and we
must somehow approximate them either by modeling
past conditions or by estimating undisturbed condi-
tions from data collected from least-disturbed systems.

We also examined potential nutrient criteria at a
finer scale using a more extensive data set collected in
the Pacific Northwest (PNW; consisting of portions of
nutrient ecoregions I, II, and III; Figs 1, 2), in which
WSA data were augmented with other probability
survey data from the region. We used the finer-scale
PNW data set to examine the effect of the choice of
screening criteria used to define least-disturbed refer-
ence conditions on reference-site nutrient concentra-
tion percentiles. We tested reference-site definitions
based on water quality, aerial orthophotographs,
biological metrics, and landscapes. We then used the
PNW reference data set to examine variation within

nutrient ecoregions. We also analyzed PNW reference
sites to develop a regional stream classification scheme

.or typology to define groups of streams that would be

expected to be similar with regard to reference-site
nutrient concentrations and nutrient criteria.

Methods
Survey data sets

“National —WSA was a product of 2 surveys. In the
1%t survey, flowing waters (streams and rivers) in the

: 12 western states were sampled during summer 2000
“to 2004 as part of the EPA Environmental Monitoring

and Assessment Program (EMAP) Western Pilot Study
(EMAP-West) (Stoddard et al. 2005). The 841 EMAP
probability sites that were wadeable (could be sam-
pled safely by field crews wading the stream) were

"used in the WSA. In the 2" survey, another 551

wadeable-streamn probability sites were sampled in the
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36 eastern and midwestern states in summer 2004. In
both surveys, probability sites were selected using the
randomized EMAP sampling design from the digital
stream network depicted on 1:100,000 scale US
Geological Survey (USGS) topographic maps (Herlihy
et al. 2000, Stevens and Olsen 2004, Olsen and Peck
2008) to ensure that the samples were representative of
the surveyed regions and that statistically valid
population percentiles could be estimated. In addition,
333 hand-picked sites in the west and 143 hand-picked

sites in the east were sampled in an attempt to -
augment the number of least-disturbed sites. We did -

not use hand-picked sites to make national population
estimates, but we did use both hand-picked and
probability sites as potential reference sites if they

passed the reference screening criteria described in.

detail later.

PNW.—A number of regional EMAP surveys have
been conducted in the PNW since 1994, and the
Oregon Department of Environmental Quality (DEQ)
has been sampling other streams.in Oregon using
EMAP methods. Sample sites in nutrient ecoregion I
were sparse in these surveys, so we also obtained data
from the EPA Agriculture-Riparian project (Moser et
al. 1997) and a prepilot survey of streams conducted
by Oregon State University (Herlihy et al. 1997). In all
of these surveys, ~¥% of the sample sites were selected
with a systematic randomized sampling design (prob-
ability sites). We used only probability sites to estimate
population percentiles. We used an existing Oregon
DEQ reference-site database to increase our sample of
potential reference sites. All together, we analyzed 921
wadeable stream sample sites (393 probability, 528
hand-picked) spread throughout the PNW (Fig. 2).

Data collection

All data were collected using field protocols
developed for EMAP surveys (Peck et al. 2006). A

single grab sample for water chemistry was taken at-

each site, and all field data were collected during a
summer index period (June-September). Water sam-
ples were analyzed for nutrients including total P (TP),
total N (TN), NOs, and NH,. TP was analyzed in the
laboratory with persulfate digestion and colorimetry
(USEPA 1987). TN was analyzed by persulfate
digestion in all EMAP and WSA data, but it was
calculated by summing total Kjeldahl N and NOj in
Oregon DEQ data. Water samples also were analyzed
for major anions and cations, conductivity, and
turbidity. :

Macroinvertebrate assemblages were sampled- by
compositing 8 to 11 kick net (500-um mesh) samples.
Macroinvertebrate bioassessment metrics related to

stream ecological condition were calculated for all
sites.

Physical-habitat data were collected from 11 equal-
interval transects in each study reach. Physical-habitat
measurements included substrate size, sinuosity, can-
opy cover, slope, riparian disturbance, and channel
size (Kaufmann et al. 1999). Substrate size was
quantified using a modified Wolman pebble count
(Kaufmann et al. 1999).

Human disturbance in the riparian zone was
assessed on both banks at each transect. Disturbance
types included buildings, roads, pipes, landfill/trash,
parks/lawn, pavement, revetment/walls, row crops,
pasture/range, logging, and mining. Riparian distur-
bance at each transect was categorized as being on the
bank (weight =1.5), within a 10 X 10-m plot next to the
transect (weight = 1.0), >10 m from the transect
(weight = 0.667), or absent (weight = 0). A riparian
disturbance score was calculated for each type of
disturbance by taking a weighted average of the 22
observations for each type of disturbance (Kaufmann

- et al. 1999). For example, a score of 1.5, indicating

buildings on both banks at each of the 11 transects,
would be the highest possible value of the building
riparian disturbance score (RDbuilding). The EMAP
riparian disturbance index was calculated by summing
the individual disturbance-type scores. Summary
metrics for total agricultural riparian disturbances
and nonagricultural riparian disturbances were calcu-
lated by summing appropriate individual disturbance
scores. In addition, all watersheds were digitized and
available geographical information system (GIS) data
layers were used to calculate metrics for watershed
land use/land cover, precipitation, runoff, air temper-
ature, and elevation. In the PNW analyses for nutrient
ecoregion I, we used a higher-resolution set of land
use/land cover data derived from aerial photographs
that was available from activities associated with the
Willamette Futures project (Van Sickle et al. 2004)
instead of GIS layers.

Calculations for candidate nutrient criteria

A variety of reference-reach methods for setting
nutrient criteria have been proposed in the EPA
technical guidance documents for streams (USEPA
2000a). We considered percentiles of the population of
all streams, percentiles of reference streams, and
models of natural background concentrations.

Reference-site 75" percentiles—One approach calls for
using the 75" percentile of values at reference sites as
nutrient criteria. The EPA chose the reference-site 75t
percentile because it is associated with minimally
impacted conditions, is protective of designated uses,
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and provides management flexibility (USEPA 2000b).
However, defining reference condition is not straight-
forward, so we investigated the effect of several
methods for screening reference sites on reference-
site-based nutrient criteria. We calculated the 75%
percentile of the distributions of nutrient concentra-
tions at reference sites defined by each method in each
nutrient ecoregion. Reference-site percentiles are un-
weighted sample percentiles because both probability
and hand-picked sites were screened and combined to
define a set of reference sites.

25" percentile of population approach—Another ap-
proach calls for using the 25" percentile of the stream
population as a surrogate for reference condition. EPA
Office of Water presented draft TP and TN nutrient
criteria for each nutrient ecoregion based on the 25
percentile of found data from all seasons in each
nutrient ecoregion (e.g., USEPA 2000b). Initial analyses
by EPA suggested that the population 25" percentile
approximates the reference-site 75" percentile (USEPA
1998). The 25" percentile approach was proposed as a
method of last resort if sufficient reference sites were
unavailable. We calculated the population 25 percen-
tile with the site-expansion factors from the WSA
probability design to estimate true population percen-
tiles. Site-expansion factors are calculated as the
inverse of the site-inclusion probability (Herlihy et al.
2000). In these probability surveys, sites were selected
from the blue-line stream network on 1:100,000 scale
USGS topographic maps. Thus, our estimates refer to
wadeable streams depicted on these maps that had
water during the summer sampling period.

Modeling natural background concentrations.—Another
approach for estimating undisturbed conditions is to
model the relationship between nutrient concentra-
tions and human disturbance levels. This model can
then be used to predict nutrient concentrations in
undisturbed sites. Modeling is advantageous because
it eliminates the need to define reference condition or
to obtain a lot of data from undisturbed sites.
However, the resulting criteria are dependent on the
quality and structure of the fitted model. We modeled
nutrients with multiple linear regression as a function
of disturbance for each nutrient ecoregion in the PNW.
We then calculated nutrient concentrations at 0
disturbance (model intercept) and assumed that it
represented a background (undisturbed) nutrient
concentration that could be used as a potential nutrient
criterion. We also calculated a 75" percentile analogue
for the modeling approach using the model intercept
and standard error (SE) and assuming a normal
distribution (75" percentile = intercept + 0.67SE) to
facilitate comparison to the 75™ percentile approach.

We used log;g(x)-transformed TN and logg(x + 1)-

[Volume 27

transformed TP (TP data had 0 values) as dependent
variables. We used only disturbance variables as
predictors. Disturbance predictors included watershed
(road density, population density, land use/land
cover) and physical-habitat (riparian disturbance
indices) variables. All disturbance predictors had 0
values in the absence of human disturbance, so the
model intercept is the predicted nutrient concentration
at 0 human disturbance. We deleted predictor vari-
ables that were correlated (r > |0.90]), and we logo(x)-
transformed variables that were skewed. We used an
exhaustive search algorithm to find the best 3- to 6-
variable regression models and selected the model
with the lowest Bayesian Information Criterion value.
We checked residual plots and deleted outliers with
Cook’s distance >0.5.

Reference-site screening methods

For the WSA data set, we examined only the EMAP

 reference screening approach. For the PNW data set,

we examined several approaches. PNW reference sites
were relatively scarce in nutrient ecoregions I and I1I,
so we focused our analysis on nutrient ecoregion II
where sampled reference sites were more numerous.

EMAP screening—We used water-chemistry and
physical-habitat data to identify the least-disturbed
samples sites in each nutrient ecoregion as has been
done in previous EMAP studies (Whittier et al. 2007),
with the exception that we did not use nutrients as
screening criteria. Nutrient ecoregion-specific screen-
ing criteria included measures of water chemistry
(SO, CI, turbidity, and pH) and physical habitat (bank
canopy density, overall riparian disturbance index, %
fine substrate, EMAP riparian disturbance index, and
EPA rapid bioassessment protocol habitat score). If a
site exceeded the nutrient ecoregion criteria for any 1
variable, then it was not considered a reference site by
the EMAP method. In the PNW, we also defined
reference condition solely on the basis of the overall
EMAP riparian disturbance index using screening
values of 0 (no human disturbance observed), <0.5,
and <1.5.

Oregon DEQ) screening—QOregon DEQ has developed
a reference-site screening process and has applied it to
almost all of the Oregon sites in our database. Their
approach is to use GIS and site-specific information to
characterize human disturbance. Selected reference
sites are then used to describe reference condition for

a specific region for the purposes of stream and

watershed assessment (Drake 2004). We applied 4
potential reference-site screening tools from the DEQ
reference-site identification process: 1) top 20% of

_can_didate reference sites in each Omernik level III
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ecoregion (top 20%); 2) ideal reference sites (Human
Disturbance Index [HDI] class A); 3) ideal, good, and
marginal reference sites (HDI classes A, B, and C); and
4) reference sites with a forest fragmentation, urban,
road density, reach (FURR) score <10. The site HDI is
the sum of a reach-level score and a GIS disturbance
score. The reach-level score is based on the presence
and proximity of 30 different human disturbance
activities observed during a sampling visit. The GIS
score is based on road density, urban and agriculture
land use, and forest fragmentation in the watershed
from available GIS layers. HDI scores, best profession-
al judgment, and careful review of site data were used
to set HDI classes (Drake 2004). The FURR score is
taken only from the HDI GIS evaluation. .

Orthophotograph screening.—As part of the EMAP-
West analysis, site condition was examined using a
Rapid Fine Screening (RFS) process based on GIS and
examination of orthophotographs (Stoddard et al
2005). Sites were scored on an integer scale (0-10),
with 0 indicating no sign of human disturbance in the
reach. We used 2 different RES levels (RFS = 0, RFS =
0-3) to identify 2 sets of reference sites.

Biological screening.—During the EMAP survey,
ecological condition of each site was assessed based
on observed macroinvertebrate assemblages. We used
2 metrics (Hilsenhoff Biotic Index [HBI] and Ephem-
eroptera, Plecoptera, Trichoptera [EPT] richness) that
are commonly used for bioassessment and in indices of
biotic integrity (IBI) to identify sites in good condition
based on biology. EPT richness is 1 component of the
macroinvertebrate IBI developed for the WSA in the
PNW (Stoddard et al. 2008). EPT richness is calculated
as the sum of the number of mayfly, stonefly, and
caddisfly taxa. EPT taxa are generally intolerant to
stress, so high EPT scores indicate least-disturbed sites.

HBI is the abundance-weighted average of all taxon
tolerance values at a site, where taxon tolerances have '

been defined with respect to an organic pollution
gradient (Hilsenhoff 1987). Low numbers indicate
intolerant taxa and (presumably) undisturbed condi-
tions. We chose 2 cut-off values for each index in each
nutrient ecoregion by best professional judgment to
cover a range of possible reference conditions. -

Stream typology development

We used stream typology analysis as an indepen-
dent way to identify groups of least-disturbed streams
that have similar expectations for undisturbed nutrient
concentrations. We did the analysis only with EMAP-
screened reference sites in the PNW. We used
regression tree analysis for both TP and TN to identify
groups of sites related to each nutrient. We used 197

reference sites that had no missing values for the
selected group of predictor variables. We dropped 2
sites that had very high nutrient concentrations (TP >
100 pg/L or TN > 1000 ug/L) that we suspected were
not least disturbed. For predictors, we chose natural
varjables that were available and that we expected to
be related to undisturbed nutrient concentrations.
These variables included precipitation, runoff, eleva-
tion, stream slope, bank canopy density, air tempera-
ture, canopy cover, conductivity, acid neutralizing
capacity (alkalinity), substrate size, % hardwood forest
in watershed, and % fast- and slow-water habitat. We
also included Omernik level III ecoregion as a
predictor. We determined the size of the tree with
100 repeated 10-fold cross-validations of the data and
selected the number of nodes based on the mode of the
tree sizes from the minimum deviance trees, i.e., those
trees with the smallest cross-validation relative error.
We analyzed differences in TP and TN among sites in
the tree node classes with 1-way analysis of variance
(ANOVA). We used Bonferroni correction to adjust
pairwise -comparison p values for multiple compari-
sons. We applied the tree classification to all sites in
our data set. We calculated the extent of each class in
terms of stream length in the PNW from the
probability sites and the 75 percentile of all reference
sites in the class (a potential nutrient criterion for the
class).

Results
National

Geographic area varied widely among nutrient
ecoregions (Fig. 1). Three nutrient ecoregions (II, IX,
and X1) accounted for almost 60% of the total
wadeable stream length in the continental USA (Table
1). Three other nutrient ecoregions were very small (I,
XII, and XIII) and contained <1% of the total wadeable
stream length. Because of their small extent, these
nutrient ecoregions had too few sample sites for us to
make reliable estimates of their potential nutrient
criteria, so we excluded them from our national
analyses.

Distributions of TP (Fig. 3) and TN (Fig. 4)
concentrations varied widely among the nutrient
ecoregions. Median TP concentrations were highest
in nutrient ecoregions V and X and lowest in nutrient
ecoregions II and XI. Patterns in TN population
percentiles among nutrient ecoregions were similar to
those observed for TP, but the median TN concentra-
tions were highest in nutrient ecoregion VI and lowest
in nutrient ecoregion I1.

Potential nutrient ecoregion TP and TN criteria
values derived from WSA population 25t percentiles
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Potential total P (ug/L) and total N (pg/L) nutrient criteria estimated by Environmental Protection Agency (EPA)

found data sample 25" percentile, Wadeable Stream Assessment (WSA) population 25™" percentile, WSA Environmental
Monitoring and Assessment Program (EMAP)-screened reference-site 75" percentiles in national nutrient ecoregions. See Fig. 1 for

nutrient ecoregion names. — indicates sample size too small to make reliable estimates.

Total P (ug/L)

Total N (ug/L)

EPA WGA WSA EPA WSA WSA Estimated No. No.
found population reference found population reference stream probability  reference
Ecoregion 25t 25th 751 25th 25t 75th length (km) sites sites
I 47.0 — — 310 — — 2132 4 0
I 10.0 3.0 19.0 120 72.5 148 202,900 526 262
mr 219 10.4 40.0 380 180 290 41,130 175 89
v 230 18.9 86.8 560 443 926 25,780 107 71
v 67.0 34.4 107.0 880 989 1190 21,650 33 18
A% 76.3 65.8 181.0 2180 1860 2500 101,600 95 53
viI 33.0 17.0 — 540 581 — 85,260 60 7
v 00—""68 TR~ 380 268 e 388 ... 126,600 75 A0
@jﬁe.a 204 60.1 690 331 681 27390057 T 50 ™
128° 147.0 = 760 917 — 11,880™ 20 3
XI 10.0 39 17.7 310 160 294 163,700 119 42
X1 : 40.0 — — 900 — — 3419 4 3
Xur — — — — — — — 0 0
X 31.3 22.7 — 710 624 — 24,090 17 7
National total 1,084,000 1392 645

# Suspect value in EPA table footnote

and EMAP-screened WSA reference-site 75" percen-
tiles were compared with EPA found data population
25t percentiles (Table 1). TP criteria from all methods
were highly correlated (r > 0.9). EPA found data
population 25" percentiles were higher than WSA
population 25% percentiles for all but 1 nutrient
ecoregion (Table 1). WSA reference-site 75" percentiles
were higher than EPA found data and WSA popula-
tion 25'" percentiles in all nutrient ecoregions, often by
factors of 2 to 4. TN criteria from all methods were
highly correlated (r > 0.95). EPA found data popula-
tion 25" percentiles were similar to WSA population
25" percentiles in many nutrient ecoregions, but
differed by a factor of 2 in nutrient ecoregions III, IX,
and XI (Table 1). WSA reference-site 75™ percentiles
were higher than WSA population 25 percentiles in
all nutrient ecoregions. ‘

We examined the relationship between reference-site
nutrient concentrations and stream size (based on
watershed area) to see whether different nutrient
criteria might be needed in different stream size
classes. Reference-site nutrient concentrations general-
ly were not correlated with stream size within nutrient
ecoregions except in nutrient ecoregions IV (TN, r =
0.33, p < 0.05) and VI (TP, r = 0.40, p < 0.05).

PNW

Reference-site screening methods —Different approach-
es for defining reference conditions yielded different

criterion values in nutrient ecoregion II. TP reference-
site 75" percentiles ranged from 11 to 30 pg/L, and TN
reference-site 75" percentiles ranged from 88 to 480
pg/L (Table 2). Reference-site 75™ percentiles for
EMAP-screened PNW sites were 20 ug/L for TP and
165 pg/L for TN. The lowest TP and TN reference-site
75 percentiles were associated with orthophotograph
screening. The highest TP and TN reference-site 75™
percentiles were associated with Oregon DEQ screen-
ing with the higher riparian disturbance index. The
various biological screening methods yielded very
similar reference-site 75" percentiles (TP: 19-21 pg/L;
TN: 133-149 pg/L).

In nutrient ecoregion II, reference-site TP and TN
concentrations varied strongly across Omernik level III
ecoregions (ANOVA, TP: F=19.3, p < 0.001; TN: F =
12.0, p < 0.001; n =200 EMAP-screened reference sites;
Fig. 5). Median TP (2.0 ug/L) and TN (69 pg/L) were
much lower in the Omernik level Il ecoregion 77
(Northern Cascades) than in the other Omernik level
Il ecoregions. Median TN (305 ug/L) was much
higher in the Omernik level HI ecoregion 1 (Coast
Range) than in other Omernik level III ecoregions.

Stressor—nutrient modeling.—In nutrient ecoregion I,
TP was most strongly related to Cl, annual precipita-
tion, and substrate diameter, whereas TN was most
strongly related to % agriculture, % urban, and
population density (Table 3). In nutrient ecoregion II,
TP was not strongly related to any of the tested
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nutrient ecoregion names.

environmental variables, whereas TN was most
strongly related to Cl, elevation, and February air
temperature. In nutrient ecoregion Ill, TP was strongly
related to % agriculture, SO,, and Cl, % fast water,
elevation, February air temperature, and annual
precipitation, whereas TN was strongly related to %
agriculture, population density, SO,, Cl, and % fast
water.

In nutrient ecoregion I, both the TP and TN multiple -

regression models with disturbance variables had r? =
0.32 (Table 4). Watershed % agriculture was a

significant predictor variable of both TP and TN.
Examination of the model predicted vs observed plots -

suggested that both models underpredicted nutrients,
especially TN, at high concentrations. Back-trans-
formed model intercepts gave the predicted undis-
turbed TP as 37.5 pg/L and the predicted undisturbed
TN as 158 ug/L.
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Fic. 4. Box-and-whisker plots for total N (TN) concen-
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(A) and Environmental Monitoring and Assessment Program
(EMAP)-screened reference sites (B) in each nutrient ecor-
egion. Lines in boxes are medians, ends of boxes are
quartiles, and whiskers show 1% to 99'" percentiles. Only
nutrient ecoregions with >10 sites were plotted. See Fig. 1 for
nutrient ecoregion names.

In nutrient region II, the multiple regression models
had very low r? values (0.18-0.20). Watershed %
barren land, road density, and riparian disturbance
(roads and nonagriculture) were predictor variables in
both TP and TN models (Table 4). However, these
models had a narrow prediction range and lacked
strong predictive ability. Back-transformed model
intercepts gave the predicted. undisturbed TP as 10
pg/L and the predicted undisturbed TN as 93 pg/L.

In nutrient ecoregion III, the multiple regression
models accounted for more variability (+* = 0.49-0.60)
than in nutrient ecoregions I and II (Table 4). In
nutrient ecoregion III, watershed % barren land cover
and riparian road disturbance were significant predic-
tor variables for both TP and TN (Table 4). Back-
transformed model intercepts gave the predicted
undisturbed TP as 285 ug/L and the predicted
undisturbed TN as 205 pg/L.
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TaBLE 2.  Sample percentiles for total P (TP) and total N (TN) at reference sites defined by different screening methods in nutrient
ecoregion Il in the Pacific Northwest. See Reference-site screening methods for details. EMAP = Environmental Monitoring and
Assessment Program; DEQ = Department of Environmental Quality; HDI = Habitat Disturbance Index; FURR = forest
fragmentation, urban, road density, reach index; RFS = Rapid Fine Screening; HBI = Hilsenhoff Biotic Index; EPT = Ephemeroptera,

Plecoptera, Trichoptera.

TP (ug/L) TN (ug/L)
Screening method No. of sites Median 75 percentile Median 75™ percentile

EMAP methods

EMAP screen 200 10 20 111 165

Riparian disturbance = 0 138 10 20 111 175

Riparian disturbance < 0.5 275 12 29 : 116 180

Riparian disturbance < 1.5 513 15 30 125 216
Oregon DEQ methods

DEQ top 20% 80 20 30 170 330

HDI class A 71 20 30 310 480

HDI class A-C 158 20 30 222 390

FURR < 10 32 20 30 162 340
Orthophotographic methods '

RFS =0 4 2.9 11 67.5 88

RFS =0-3 96 4.0 17 67.5 108
Biological methods

HBI <5 98 7.0 19 66 133

HBI < 4 25 9.7 21 55 133

EPT richness > 10 132 10 20 110 149

EPT richness > 15 48 10 20 114 147

Criterion comparison.—Potential nutrient criteria
based on WSA population 25" percentiles and EPA
found data population 25% percentiles agreed only
weakly (Table 5). For TN, WSA population 25t
percentiles were lower than EPA found data popula-
tion 25t percentiles in all 3 nutrient ecoregions. For TP,
WSA population 25% percentiles were lower than EPA
found data population 25™" percentiles in nutrient
ecoregions I and II. Potential nutrient criteria based on
WSA reference-site 75™ percentiles were higher than
potential nutrient criteria based on either 25* percen-
tile approach in almost all comparisons except for TN
in nutrient ecoregion III. The regression model
estimates of potential nutrient criteria based on the
model intercepts and the 75%-percentile analogue of
the intercept were always lower than the WGSA
reference-site 75" percentile.

Stream~nutrient typology—The regression tree for TP
had 5 nodes, or class delineations and explained 46%
of the deviance in TP (Fig. 6). The 1% breakpoint was
based on long-term annual runoff above/below 0.343
m/y and separated humid from arid areas. The arid
group was separated into 2 classes by elevation
above/below 1196 m. Streams in the low elevation/
arid class (class 5 in Fig. 6) had the highest TP
concentrations (Fig. 7). The humid group was separat-
ed into 3 classes, first by Omernik level III ecoregion,
and then by acid neutralizing capacity (ANC). Humid

streams in class 1 were those in Omernik level III
ecoregions 15, 16, 17, or 77 and had the lowest TP
concentrations. Humid streams in classes 2 and 3 were
in other Omernik level III ecoregions and were
separated by an ANC value above/below 521 peq/L.
TP differed significantly among the 5 classes (1-way
ANOVA, F=59.9, p < 0.0001), and all classes except 3
and 4 were significantly different from each other (p <
0.05). Arid streams made up 29% of the total stream
length in the region, and they were about evenly
divided between high- and low-elevation classes
(Table 6). Potential nutrient criteria based on WSA
reference-site 75" percentiles ranged from 4.0 pg/L in
class 1 to 76 pg/L in class 5. Classes 3 and 4 had
similar nutrient criteria (32-33 pg/L) (Table 6).

The regression tree for TN explained 48% of the
deviance in TN and had 7 nodes (Table 6). The 1%
breakpoint divided the sites into 2 groups based on
Omernik level IIT ecoregion. Sites in Omernik level 111
ecoregions 1, 2, and 3 and nutrient ecoregion Il were
in 1 group and sites in the other Omernik level III
ecoregions were in a 2" group. The 1%t Omernik level
III ecoregion group was separated into sites with >9%
hardwood forest (class 7), and 2 classes with lower %
hardwood forest, which were separated on the basis of
substrate size (classes 5 and 6). The high % hardwood
forest sites had the highest TN concentrations in the
PNW (Table 6). The 2" Omernik level IIl ecoregion
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Fic. 5. Box-and-whisker plots for total P (TP) (A) and
total N (TN) (B) in Environmental Monitoring and Assess-
ment Program (EMAP)-screened reference sites in Omernik
level HT ecoregions in nutrient ecoregion II. Omernik level I
ecoregions 2 and 17 were not plotted because of low sample
size. Lines in boxes are medians, ends of boxes are quartiles,
and whiskers show 10" to 90" percentiles. Horizontal
reference lines show the nutrient ecoregion II reference-site
75t percentiles. See Fig. 2 for Omernik level III ecoregion
names.

group was separated into a class of sites in Omernik

level III ecoregions 9 and 77 (class 1) that had the
lowest TN in the PNW. The remaining sites were
separdted into 3 classes on the basis of elevation
(above/below 436 m) and then by presence of
hardwoods (classes 2—4). The difference in TN among
classes was less than the difference in TP -among
classes, but TN differed significantly among the 7
classes (1-way ANOVA, F = 32.8, p < 0.0001). TN
nutrient criteria were similar for classes 1 and 2, which
had criteria significantly lower than criteria for all
other classes. TN nutrient criteria did not differ among
classes 3, 4, and 5, which had TN criteria that were
significantly lower than criteria for classes 6 and 7. TN
nutrient criteria did not differ between classes 6 and 7.
Class 2 accounted for the largest extent (38%) of stream

length in the region (Table 6). Nutrient criteria based
on WSA reference-site 75" percentiles ranged -from 79
pg/L (class 1) to 509 pg/L (class 7).

Discussion
Setting nutrient criterin

"The potential nutrient criteria derived from the
different methods were highly correlated in the sense
that high criterion values were found consistently in
the same nutrient ecoregions and low criterion values
were found consistently in. the same nutrient eco-
regions. However, in terms of setting specific criteria,
different approaches yielded very different values
(Tables 1, 2, 6, 7). EPA draft criteria derived from
found data population 25" percentiles were almost
always higher than WSA population 25" percentiles.
Found data often focus on problem areas and are not
necessarily representative of a region. Thus, found
data are likely to have higher nutrient levels than

would. be observed in the true population. In general,

assuming that found data can be used to represent true
population statistics is dangerous. Paulsen et al. (1998)
gave examples from 4 aquatic case studies in which
large discrepancies in regional assessments of condi-
tion were found between probability-based survey
results and found-data compilations. In addition, the
degree to which found data match the population of
interest depends greatly on the objectives of the found-
data study. Thus, a criterion based on found data will
vary depending on the objectives of the data compi-
lations used to define the percentile. Large data
compilations from multiple surveys with varying
objectives produce percentiles that are virtually unin-
terpretable.

USEPA (1998) suggests that the population 25t
percentile is comparable with the reference-site 75"
percentile. In our analyses, the 2 approaches yielded
very different potential nutrient criteria in most
nutrient ecoregions. In the PNW, WSA population
25% percentiles were not similar to WSA reference-site
75t percentiles. Potential criteria based on WSA
reference-site 75" percentiles were higher than either
the WSA population 25t percentile or EPA found data
population 25 percentile everywhere except for TN in
nutrient ecoregion IHl (Table 5). Nationwide, except for
nutrient ecoregion VIII, WSA reference-site 75™ per-
centiles for TP were 1.5 to 4X higher than EPA found
data population 25% percentiles and 3 to 6X larger than
WSA population 25" percentiles (Table 1). The
relationship between potential criteria from WSA
reference sites and EPA found data was less biased
for TN (Table 1). WSA reference-site 75 percentiles for
TN were always higher than WSA population 25t
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TasLe 3. Spearman rank correlation coefficients for total P (TP) and total N (TN) vs environmental variables by nutrient
ecoregion (I, II, and III) in the Pacific Northwest. See Fig. 1 for nutrient ecoregion names. Correlation coefficients > 0.5 are shown in
bold.

TP ™
Variable I I I I I I

Watershed metrics
% agriculture 0.28 0.20 0.62 0.61 0.19 0.65
% urban 0.29 -0.03 0.23 0.53 0.03 0.33
Population density 0.48 0.20 0.47 0.63 0.33 0.55
Road density 0.12 0.19 0.29 -0.07 032 0.09
Watershed area -0.04 0.04 0.43 -0.01 -0.05 0.44

Water chemistry
Cl 0.55 0.29 0.53 - 039 0.59 0.63

- SO, 0.46 0.03 0.51 0.41 0.17 0.58

Physical habitat
Substrate diameter -0.53 -0.40 -0.22 -0.19 -0.19 -0.29
% fast water -0.37 -0.19 ., —0.52 -0.06 -0.31 -0.65
Channel slope -0.21 -0.19 -0.38 -0.11 -0.27 -0.36
Stream width -0.41 -0.24 -0.21 -0.26 -0.05 -0.06

Location/climate : ,

- Elevation -0.29 -0.08 -0.60 -0.42 -0.51 - —-0.49
February air temperature 0.06 018 - 0.57 0.18 0.50 0.39
August air temperature 0.24 0.24 0.38 0.40 0.24 0.40
Annual precipitation —0.58 -0.33 -0.55 -0.50 0.15 -0.49

percentiles but usually only by a factor of 1.5 to 2X.
Suplee et al. (2007) also noted that matches between
reference-site and general population percentiles were
highly variable. They found that the reference-site 75%
percentiles in Montana ecoregions corresponded to

nutrient criteria because it is a moving target that can
change over time with changing human nutrient use
and environmental practices. A probability survey is a
definable and consistent way to find a true population
25th pei'centi]e, but it treats all nutrient ecoregions as

equal, regardless of their level of disturbance. More-
over, by definition, use of the population 25" percentile
means that 75% of the sites in any region, regardless of
how the region is defined, fail to meet the criterion.
Setting criteria based on natural background levels
using undisturbed reference sites seems to be a much

general population percentiles ranging from 4" to 97*.
Overall, we found no support for the idea that
population 25™ percentiles can be used as surrogate
reference-site 75 percentiles.

The 25" percentile, whether derived from a proba-
bility survey or found data, is a flawed way to set

TaBLE 4. Multiple regression models used to predict stream total P (ug/L) (TP) and total N (ug/L) (TN) concentrations within
the 3 nutrient ecoregions in the Pacific Northwest. See Fig. 1 for nutrient ecoregion names. RD = Riparian Disturbance Index and the
word that follows refers to specific disturbance types (see Data collection for details). %barren, %developed, %agriculture, road
density, and population density are based on watershed landuse data. SE = standard error.

Model Intercept
Ecoregion Regression models 2 SE
I (n=52) log1o(TP + 1) = 1.586 + 0.775(RDparks) + 0.667(RDpavement) 032 . 0.136
+ 0.579(RDlandfill) — 0.255(RDtotal) + 0.0086(%agriculture)
log1o(TN) = 2.200 + 0.0123(%agriculture) -+ 0.0036(%developed) + 0.661(RDpark) 0.32 0.148
I (n = 767) log1o(TP + 1) = 1.042 + 0.236(RDroad) + 0.243(RDtotal) 0.20 0.0317
- 0.274(RDnonagricultural) + 0.0072(road density) + 0.0094(population density)
— 0.0117(%barren)
log1o(TN) = 1.969 + 0.194(RDroad) + 0.0838(RDtotal) ~ 0.134(RDnonagricultural) 0.18 0.0259
+ 0.0272(population density) + 0.0099(road density) — 0.0057(%barren)
I (n = 39) log1o(TP + 1) = 1.470 + 0.213(RDtotal) + 1.82(RDbuilding) 0.49 0.0701

+ 0.404(RDroad) — 1.18(RDlandfill) — 0.0217(%Dbarren)
log1o(TN) = 2.312 + 0.461(RDroads) — 0.0208(%barren) + 0.0102(%agriculture) 0.60 - 0.0627
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TasLe 5. Potential total P (ug/L) and total N (ug/L)
nutrient criteria estimated by Environmental Monitoring and
Assessment Program (EMAP) population 25" percentile,
EMAP-screened reference-site 75™ percentiles (range for all
screening methods in parentheses), multiple regressions with
riparian disturbance indices as predictor variables (model
intercept at 0 disturbance [75™" percentile analogue in
parentheses]), and Environmental Protection Agency (EPA)
found data sample 25" percentile, in the 3 nutrient
ecoregions in the Pacific Northwest. See Fig. 1 for nutrient
ecoregion names.

Nutrient Population Reference Regression EPA found

ecoregion 25th 75th model 25th
TP
I 21 70 (21-81) 37.5 (46.5) 47
I 4.0 . 20(11-30) 10.0 (10.6) 10
111 33 49 (43-101) 28.5(31.9) 219
™ )
I 189 471 (289-593) 158 (199) 310
11 55.0 165 (88-480) 93.1 (126) 120
111 221 285 (285-801) 205 (226) 380

100
R 10|, —
i}
B.) J—
3
3
1
0

1 2 3 4 5
TP regression tree class

Fic. 7. Box-and-whisker plot for total P (TP) for sites in
each TP regression-tree class in the Pacific Northwest (Fig. 6).
Lines in boxes are medians, ends of boxes are quartiles, and
whiskers show ranges.

Runoff (m) >< 0.343

15,16,17,77 = Ecoregion = 1,2,3,4,9,10,11,12,78.80

1 ) ANC (peq/l) < 521
3.32
44 obs
2
13.1
75 obs

Elevation {m) >< 1196

4 5
246 50.68
23 obs 13 obs

42 obs

Fic. 6. Regression tree for total P (TP) in Environmental Monitoring and Assessment Program (EMAP)-screened reference sites
in the Pacific Northwest. The node or class number is shown immediately below the branch. The value below that is the mean TP
concentration {ug/L) for the sites in that class. The trée can be read like a dichotomous key with the equation at each split indicating
that the cases with the lower values go left (<>) or right (><) at the split. ANC = acid neutralizing capacity, runoff = 30-y long-
term mean annual runoff, obs = observations. Ecoregions are given as Omernik (1987) level III ecoregions numeric codes. See Fig. 2

for ecoregion names.
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Tasie 6. Total P (ug/L) (TP) and total N (ug/L) (TN) regression-tree class descriptors, Environmental Monitoring and
Assessment Program (EMAP) estimates of wadeable stream length in each class, and potential TP and TN criteria for the class based
on EMAP-screened reference-site 75" percentiles in the 3 nutrient ecoregions in the Pacific Northwest. Humid = long-term mean
annual runoff > 0.343 m, Arid =long-term mean annual runoff < 0.343 m, ANC = acid neutralizing capacity. See Fig. 2 for Omernik
level IIT ecoregion names. '

Site Stream length No. reference  Reference-site
class Description (km) sites 75 percentile
TP
1 Humid; in Omernik level III ecoregions 15, 16, 17, or 77 27,100 25%) - 46 4.0
2 Humid; not in class 1 Omernik level TII ecoregions; ANC < 521 peq/L 30,000 (27%) 87 20
3 Humid; not in class 1 Omernik level IIT ecoregions; ANC > 521 peq/L 20,900 (19%) 51 32
4 Arid; elevation >1196 m 18,100 (16%) 27 33
5  Arid; elevation < 1196 m 13,800 (13%) 13 76
™ ,
1 In Omernik level III ecoregions 9, 77 ‘ 14,300 (13%) 38 79.0
In Omernik level III ecoregions 4, 11, 15, 16, 17, or 78; 41,600 (38%) 40 100
elevation > 436 m and % hardwood forest < 0.07%
3 In class 2 Omernik level III ecoregions; elevation > 436 m; 21,200 (19%) 61 145
% hardwood forest > 0.07% '
4  In class 2 Omernik level III ecoregions; elevation < 436 m 4600 (4% 16 168
5  In Omernik level TII ecoregions 1, 2, or 3 or nutrient ecoregion TII; 10,400 (10%) 32 216
% hardwood forest < 9%; substrate diameter > 22 mm (coarse gravel)
6  Inclass 5 ecoregions; % hardwood forest < 9%; 7070 (6%) 16 345
substrate diameter < 22 mm
7 In class 5 ecoregions; % hardwood forest > 9% 10,200 (9% 21 509
more defensible approach than using percentiles of nutrients. A reference-based approach also is heavily
found data. A large enough reference-site sample ‘dependent on the definition of what constitutes a
would help control for natural variability and provide reference site. Reference-site definitions typically de-
realistic field-measurement-based criterion values. The fault to a least-disturbed definition (Stoddard et al.
drawbacks to a reference-site approach are that 2006). Unfortunately, this definition can be highly
reference site definitions can change over time and variable from region to region and even person to
good reference sites do not exist in many regions. In a ~ person. Thus, a major problem with the reference
strict sense, pristine sites do not exist at all because approach is use of different standards or benchmarks
atmospheric deposition contains elevated levels of ‘to compare sites in different regions or classes. Ecore-

Taste 7. Comparison of total P (TP) and total N (TN) background reference criteria and % population stream length exceeding
reference criteria in our study and other national analyses. Background criteria were derived from the Wadeable Stream Assessment
(WSA) reference-site 75" percentiles, or modeled by Dodds and QOakes (2004; table 7) or Smith et al. (2003; table S3, TN values are
from the “with deposition™ output and include current atmospheric N contributions).

TP (ug/L) TN (ng/L)

Backgfound criteria % stream length exceeding Background criteria % stream length exceeding

Dodds and Smith Dodds and  Smith Dodds and Smith Dodds and  Smith

Oakes et al. Oakes et al. Oakes et al. Oakes et al.

Ecoregion WSA  (2004)  (2003) WSA (2004) (2003) WSA  (2004)  (2003) WSA (2004) (2003)
I 19 45 20 32 12 32 148 479 210 36 5 21
I 40- 151 30 34 11 45 290 918 110 57 14 90
v 87 59 70 36 45 39 926 659 210 34 56 87
A% 107 23 70 62 78 64 1190 566 510 56 87 91
VI 181 23 60 24 97 77 2500 215 620 63 100 23
vi 10 28 20 67 26 45 388 589 280 51 36 71
IX 60 31 50 39 60 46 681 370 280 44 69 82
XI 18 43 20 40 13 36 294 1102 290 53 11 54

All 39 40 45 47 42 65
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gional variation in reference-site quality was a major
issue in the analysis of WSA macroinvertebrate data
(Herlihy et al. 2008). |

Defining reference sites

We defined reference sites for nutrient ecoregion II
in the PNW with a variety of methods (Table 2).
Biological screening methods based on 2 macroinver-
tebrate metrics with 2 different cut-off values gave
very consistent reference-site 75" percentiles for both
TP (19-21 pg/L) and TN (133-149 pg/L). Wang et al.
(2007) noted a strong relationship between nutrient
levels and many fish and macroinvertebrate metrics in
Wisconsin streams and suggested that nutrient-biota
relationships be used to validate and refine nutrient
criteria. In our data set, nutrient-HBI and nutrient-
EPT richness plots showed no break points or
thresholds. The correlations were statistically signifi-
cant, but highly scattered, so we did not attempt to use
these relationships to define specific nutrient criteria.

The lowest nutrient concentrations were seen in
nutrient ecoregion II reference. sites defined by the
most restrictive (least human influence) orthophoto-
graph screening. As reference criteria were relaxed in
the orthophotograph and EMAP riparian disturbance
screening, reference-site nutrient concentration percen-
tiles increased (Table 2). These results strongly suggest
that a human-disturbance gradient exists in least-
disturbed sites. Thus, reference-site definitions do
significantly affect potential nutrient criterion values.
We used our more restrictive definitions of reference to
calculate reference-site 75" percentile potential nutri-
ent criteria of 11 to 20 pg/L for TP and 88 to 165 pg/L
for TN in nutrient ecoregion IL

Oregon DEQ screening yielded reference sites with
higher nutrient percentiles than did other screens.
However, Oregon DEQ screening was applied only to
Oregon sites, and only data from Oregon reference
sites were used to estimate the reference-site 757
percentile. In contrast, the other screening methods
were applied to all sites in the PNW, and reference-site
75t percentiles were based on the whole PNW. A
strong Omernik level III ecoregion effect was observed
across nutrient ecoregion II (Fig. 5), so the restriction to
Oregon data might explain some of the variation in
reference-site nutrient concentrations among screening
methods. Nutrient concentrations were higher in
ecoregions in Oregon and lower in ecoregions "in
Washington and Idaho (Fig. 5). The Omernik level I1I
ecoregion effect also might explain some of the
varjation in reference-site nutrient concentrations
among screening methods (Table 2). The distribution
of reference sites across ecoregions varied by screening

method because some ecoregions are more disturbed
than others.

Setting nutrient criteria from models

Other researchers have investigated setting potential
nutrient criteria from reference-site distributions or by
modeling natural background concentrations. Suplee
et al. (2007) used the 75" percentile of reference sites to
develop nutrient criteria for Montana streams. They
reported reference-site 75t percentiles (TP: 3-20 pg/L;
TN: 90~-175 pg/L) for Omernik level III ecoregions in
nutrient ecoregion II that are within the range of
values we found with WSA and PNW data. Suplee et
al. (2007) reported higher reference-site 75* percentiles
for TP in Montana streams in nutrient ecoregions IV
(170 pg/L) and V (140 ug/L) than we observed with
WSA data in nutrient ecoregions IV (87 pg/L) and V
(107 ug/L). However, for TN, Montana reference-site
75t percentiles (1120 pg/L) were virtually identical to
WSA' reference-site 75% percentiles (1190 pg/L) in
nutrient ecoregion V and somewhat higher (1300 ug/
L) than WSA reference-site 75 percentiles (926 ug/L)
in ecoregion IV. The 75% percentiles for 85 sites in
undeveloped watersheds across the USA (Clark et al.
2000) were 37 ug/L for TP and 500 pg/L for TN,
values that fall within the range of WSA values from
national nutrient ecoregions.

Two studies have calculated potential nutrient
criteria for all of the national nutrient ecoregions based
on modeling:. Dodds and Oakes (2004) constructed
multiple regression models of TN and TP vs various
anthropogenic landuse categories and calculated ref-
erence concentrations as the intercept of the model
when anthropogenic activity was 0. Smith et al. (2003)
developed an empirical model (SPARROW) to calcu-
late background yield of watershed TP and TN based
on runoff, basin size, current atmospheric N deposi-
tion, and region-specific factors. Model output was
used to estimate the 75 percentile of predicted natural
background concentrations for each nutrient ecore-

gion. We compared WSA reference-site 75™ percentiles

for TP and TN with values modeled by Dodds and
Oakes (2004) and Smith et al. (2003) (Table 7). We used
the WSA population estimates to calculate the % of
stream length in each nutrient ecoregion that exceeded
criteria from each of the 3 approaches (Table 7). In the 8
nutrient ecoregions with enough WSA reference sites
to do this analysis, 39% of total stream length exceeded
WSA TP criteria and 47% exceeded TN criteria. These 8
ecoregions account for 88% of the stream length in the
conterminous states.

TP criteria based on the Smith et al. (2003) model
were similar to those from the WSA, except in nutrient
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ecoregions V and VI (Table 7). TP criteria based on the
Dodds and QOakes (2004) model were either much
higher or much lower, depending on the nutrient
ecoregion, than those from the WSA. The WSA TP
criteria for nutrient ecoregions V and VI were
substantially higher than TP criteria from the Smith
_et al. (2003) or Dodds and Oakes (2004) models. WSA
reference sites in nutrient ecoregions V and VI might
be least disturbed for those ecoregions, but they
probably are influenced by anthropogenic nutrient
additions. The TP criterion based on the Dodds and
Oakes (2004) model for nutrient ecoregion VI is very
low (23 pg/L) and virtually all (97%) of the stream
length in that region exceeds that criterion. TN criteria
based on the Smith et al. (2003) model are similar to
those from the WSA in mountainous nutrient ecor-
egions II and XI. WSA TN criteria are much higher
than those based on the Smith et al. (2003) model in the
6 lower-elevation nutrient ecoregions. In these 6 lower
elevation ecoregions, 71 to 93% of total stream length
exceeds the Smith et al. (2003) TN criteria (Table 7).

Qur disturbance-based regression model estimates
of potential nutrient criteria in the PNW were lower
than the reference-site 75" percentile regardless of
whether we used model intercepts or the 75%
percentiles of model intercepts. The #* value was much
lower for the nutrient ecoregion II model than for
nutrient ecoregion I or IIl models, probably because
the disturbance signal in nutrient ecoregion II was
weak. In the case where the disturbance regression
model 72 = 0, the regression-model criterion (intercept)
becomes the population mean. Suplee et al. (2007)
compared their reference-site 75" percentiles to nutri-
ent criteria obtained from 5 different modeling
approaches. Modeled nutrient criteria matched, on
average, the 86™ percentile of the reference-site
distribution (Suplee et al. 2007), a result that lends
support to the use of the reference-site 75 percentile
as a basis for setting criteria. Robertson et al. (2006)
modeled reference-site nutrient concentrations with a
multiple regression model based on watershed %
agriculture and urban land cover for streams in the
Upper Midwest. They found reference (0 disturbance)
TP concentrations of 84 pg/L in nutrient ecoregion VI
and 12 to 19 pg/L in nutrient ecoregions VII, VIIi, IX,
and XI. These values agree with WSA reference levels
in ecoregions VIII and IX, but are lower than WSA
values in ecoregions VI and IX.

Variability in nutrient concentrations among ecoregions

In the PNW, we observed wide variation in
reference-site nutrient concentrations among Omernik
level III ecoregions within nutrient ecoregion II (Fig. 5).

Reference-site 75" percentiles for TP were 2 ug/L in
Omernik level 1II ecoregion 77 vs 45 pg/L in the
Omernik level 1II ecoregion 11. These results suggest
that a single nutrient criterion for all wadeable streams
in nutrient ecoregion II is inappropriate. Natural
factors cause high variability in reference nutrient
concentrations among streams within the national
nutrient ecoregions (Smith et al. 2003, Dodds and
Oakes 2004, Robertston et al. 2006). Modeled back-
ground nutrient concentrations in streams in some
nutrient ecoregions ranged over an order of magni-
tude, in large part because of differences in local runoff
(Smith et al. 2003). Wickham et al. (2005) observed that
landuse classes explained 3 to 6X more variation in
nutrient chemistry than did nutrient ecoregions and
suggested that land-cover composition also be used to
guide development of nutrient criteria. Overall, these
results indicate that the 14 national nutrient ecoregions
are too coarse for setting nutrient criteria.

Previous work in PNW lakes and reservoirs also
suggested that national nutrient ecoregions and even
Omernik level III ecoregions were too coarse for
setting nutrient criteria. A typology of Omernik level
1 ecoregion 1 lakes includes coastal dune lakes,
dystrophic bog lakes, and mountain lakes that all have
different expectations for nutrient levels and process-
ing (Vaga et al. 2005). A 3-class typology for reservoirs
in the PNW is based on ionic strength and turbidity
and is strongly related to nutrient levels (Vaga et al.
2006). We used regression-tree analysis to develop a
typology that was responsive to natural gradients of
nutrient concentrations for PNW streams. Runoff,
elevation, ANC, forest composition, substrate size,
and Omernik level Il ecoregion were related to TP or
TN concentrations in least-disturbed sites. Robertson
et al. (2006) used a type of regression-tree analysis to
develop an alternate nutrient criteria classification for
the Upper Midwest. They analyzed raw data and
residual data with the effects of land use statistically
removed and were able to separate small watersheds
in the Upper Midwest into 5 relatively homogeneous
environmental water-quality zones. Robertson et al.
(2006) used modeling and frequency-distribution
approaches to develop nutrient criteria for each zone.
They suggested, as do we, that this type of modeling
yields more appropriate nutrient criteria than does
application of single criteria to all sites within large
regions.

Nutrient ecoregions were developed to minimize
natural variability in nutrient concentrations within
groups of sites so that nutrient criteria could be set that
applied across all sites within the group. Our analysis
and the literature strongly suggest that the 14 national
nutrient ecoregions are too coarse to achieve this




2008] NutrienT CRITERIA IN THE US 947

objective. Advances in setting national nutrient criteria
will require a finer-scale stream typology or classifica-
tion of sites that better controls for natural variations in
nutrient concentration.
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